We study the chemical abundances of a wide sample of 142 Galactic planetary nebulae (PNe) with good quality observations, for which the abundances have been derived more or less homogeneously, thus allowing a reasonable comparison with stellar models. The goal is the determination of mass, chemical composition and formation epoch of their progenitors, through comparison of the data with results from AGB evolution. The dust properties of PNe, when available, were also used to further support our interpretation.
INTRODUCTION
The stars of mass below ∼ 8M ⊙ , after the end of core helium burning, enter the AGB phase, during which a CNO burning shell provides the thermonuclear energy supply almost entirely. Periodically, a helium-rich layer above the degenerate core is ignited in conditions of thermal instability, hence the name "thermal pulse" (hereinafter TP), used to define these episodes.
Despite relatively short in comparison with the core hydrogen and helium burning phases, the AGB evolution proves extremely important to understand the feedback of these stars on their host system, because it is during this phase that most of the mass loss occurs, with the consequent pollution of gas and dust of the interstellar medium.
A full comprehension of the AGB evolution proves crucial for a number of astrophysical contexts, such as the determination of the masses of galaxies at high redshifts (Maraston et al. 2006) , the formation and chemical evolution of galaxies (Romano et al. 2010; Santini et al. 2014) , the dust content of high-redshift quasars (Valiante et al. 2011) , and the formation of multiple populations of stars in globular clusters (Ventura et al. 2001 ).
The modelling of the AGB phase has made significant c 2017 RAS progresses in the recent years, with the description of the dust formation process in the winds, coupled to the evolution of the central star (Ferrarotti & Gail 2006; Nanni et al. 2013 Nanni et al. , 2014 Ventura et al. 2012a,b; Di Criscienzo et al. 2013; Ventura et al. 2014a) .
The results are still rather uncertain though, because of the poor knowledge of convection and mass loss, two physical mechanisms having a strong impact on the physical and chemical features of the AGB evolution (Karakas & Lattanzio 2014; Ventura & D'Antona 2005) . Therefore, the comparison with the observations is extremely important to allow a qualitative step towards an exhaustive knowledge of the main properties of these stars.
The Magellanic Clouds (MC) have been so far the most investigated environments to this aim, owing to their relatively short distances (51 kpc and 61 kpc respectively, for the Large and Small Magellanic Cloud, Cioni et al. 2000; Keller & Wood 2006) and the low reddening (EB−V = 0.15 mag and 0.04 mag, respectively, for the LMC and SMC, Westerlund 1997) . The near-and mid-infrared observations of stars in the MC, particularly suitable to study AGB stars, given the cool (below ∼ 4000K) surface temperatures of these objects, have been extensively used to constrain the AGB models (Izzard et al. 2004; Girardi & Marigo 2007; Groenewegen et al. 2007; Riebel et al. 2010 Riebel et al. , 2012 Srinivasan et al. 2009 Srinivasan et al. , 2011 Boyer et al. 2011 Boyer et al. , 2012 . These studies have been completed by more recent investigations, focused on dust production expected from this class of stars, and the relative effects on the infrared colours, (Dell'Agli et al. 2014 Ventura et al. , 2016a Nanni et al. 2016) .
A complementary approach to infer valuable information on the evolution of AGB stars is offered by the study of PNe. The chemical composition of these objects reflects the final surface chemistry, at the end of the AGB phase, and is determined by the combination of the two mechanisms potentially able to change their surface chemistry, namely third dredge up (TDU) and hot bottom burning (HBB). The determination of the abundances of the individual species in the PN winds provides a unique tool to understand the efficiency of the two mechanisms.
Motivated by these arguments, we have recently started a research project aimed at interpreting the observed sample of PNe based on recent AGB models, accounting for the formation of dust in the circumstellar envelope. In the first two papers of this series we focused on the PNe population of the LMC (Ventura et al. 2015b , hereinafter paper I) and of the SMC (Ventura et al. 2016b, paper II) . These works allowed the characterization of the observed PNe in terms of the mass and metallicity of the progenitors.
Here we extend this study to the population of Galactic PNe, whose α-element abundances indicate a wider range of progenitor metallicities. Our aim is twofold: a) we attempt to characterize the individual PNe observed and to identify the progenitors; b) we test AGB evolution and the dust formation process against a different and more complex environment than that of Magellanic Cloud PNe.
The paper is organised as follows: section 2 provides a description of the most important physical and chemical input used to model the AGB phase; in section 3 we discuss the modification of the surface chemical composition of AGB stars, and the expected, final abundances of the various chemical species; the interpretation of the two samples of Galactic PNe studied in the present work is addressed in section 4; in section 5 we discuss the results obtained on the basis of the dust features detected in the spectra of some of the PNe observed;the conclusions are given in section 6.
AGB MODELLING
Our aim is to interpret the abundances of specific Galactic PN samples on the basis of AGB models of different mass and chemical composition. Our goal is to deduce the mass and the metallicity of the progenitor of the individual PNe observed, by comparing the abundances of the various chemical species at the end of the AGB phase with the values derived from the observations. Before entering this detailed comparison, we provide a brief description of the AGB models adopted.
The evolutionary sequences have been calculated by the ATON code for stellar evolution. The details of the numerical structure of the code are extensively discussed in Ventura et al. (1998) , whereas the most recent updates are presented in Ventura & D'Antona (2009) . Here we provide a short description of the physical and chemical input most relevant to this work.
Convection
The temperature gradient within regions unstable to convective motions is found by the full spectrum of turbulence (FST) model for convection (Canuto & Mazzitelli 1991) . Mixing of chemicals and nuclear burning are treated simultaneously, by means of a diffusive-like approach. During the two major core burning phases we assume that convective velocities decay exponentially from the border of the core within radiatively stable regions, with an e-folding distance of 0.02Hp; this choice is motivated by a calibration of core overshooting based on the observed extension of the main sequences of open clusters, given in Ventura et al. (1998) . During the AGB phase we assume overshoot from the base of the envelope and from the borders of the convective shell which forms at the ignition of each TP; in this case the e-folding distance of convective velocities is 0.002Hp, according to a calibration based on the luminosity function of carbon stars in the LMC, given in Ventura et al. (2014a) .
Mass loss
We adopt the formalism by Blöcker (1995) to describe mass loss of oxygen-rich AGB stars. Blocker's formula consists in the canonical Reimers' mass loss rate multiplied by a power of the luminosity, L 2.7 . The free parameter entering the Reimers' rate was set to ηR = 0.02, following the study on the luminosity function of lithium-rich stars in the MC, by Ventura et al. (2000) .
For what regards carbon stars, we adopt the results from hydrodynamical models of carbon stars, published by Wachter et al. (2002 Wachter et al. ( , 2008 .
Opacities
Radiative opacities are calculated according to the OPAL release, in the version documented by Iglesias & Rogers (2006) . The molecular opacities in the low-temperature regime (T < 10 4 K) are calculated by means of the AE-SOPUS tool (Marigo & Aringer 2009 ). The opacities are constructed to follow the changes of the envelope chemical composition, in particular carbon, nitrogen and oxygen individual abundances.
Chemical composition
The AGB models used here have metallicities Z = 10 −3 , 2 × 10 −3 , 4 × 10 −3 , 8 × 10 −3 , Z = 0.014, Z = 0.018, Z = 0.04. In the Z = 1, 2 × 10 −3 models we assume the mixture by Grevesse & Sauval (1998) , with an alpha− enhancement [α/F e] = +0.4; the Z = 4, 8 × 10 −3 models were calculated with the Grevesse & Sauval (1998) mixture and an α− enhancement [α/F e] = +0.2; the Z = 0.014 models are based on the solar-scaled mixture by Lodders (2003) ; finally, the Z = 0.018 and Z = 0.04 models have a solar-scaled mixture, with the distribution by Grevesse & Sauval (1998) . The initial abundances of the chemical species mostly used in the present work for the various metallicities is reported in Table  1 .
Dust formation
Dust formation in the winds of AGB stars is described according to the schematization introduced by Ferrarotti & Gail (2006) . The wind is assumed to expand isotropically under the effects of radiation pressure, acting on dust grains, partly counterbalanced by gravity. The dynamics of the wind is described by means of the momentum conservation equation and by mass conservation, giving the radial stratification of density as a function of the gas velocity and of the rate of mass loss.
The effects of the radiation pressure is calculated by means of the opacity coefficient, which, in turn, depends on the number and the size of the dust particles formed. The growth rate of the dust particles of a given species are found via the difference between the growth and the vaporisation terms.
All the relevant equations, with an exhaustive discussion on the role played by various physical factors, are given in Ferrarotti & Gail (2006) .
The dust species considered depend on whether the surface of the star is oxygen-rich or carbon rich: in the former case we consider the formation of silicates and of alumina dust, whereas for carbon stars we model the formation and growth of silicon carbide and of solid carbon grains (Ventura et al. 2012a,b) .
CHANGES IN THE SURFACE CHEMISTRY OF AGB STARS
The AGB models used in the present analysis were introduced and discussed in previous papers by our group. We address the interested reader to Ventura et al. To complete the array of comparison models we also introduce here a series of updated, unpublished models with solar metallicity Z = 0.014 and with Z = 0.04.
Low mass domain: the formation of carbon stars
The surface chemistry of stars of mass below ∼ 3 M⊙ is altered only by the first dredge up (FDU) and by a series of TDU events, which may eventually turn the star into a carbon star. The number of TDU experienced is higher the larger is the initial mass, as more massive objects start the AGB phase with a more massive envelope: this is the reason why only stars with initial mass above a threshold value will eventually become carbon stars. The minimum mass required to become carbon star, shown in Table 1 (col. 9) depends on the metallicity: the higher is Z, the more difficult is to achieve C/O ratios above unity, owing to the larger quantity of oxygen in the star. For sub-solar metallicities, the lowest mass becoming carbon star is ∼ 1.25 M⊙; in the solar case this lower limit is ∼ 1.5 M⊙, whereas no carbon stars are expected to form for Z = 0.04. The upper limit in mass for carbon stars coincides with the minimum mass required to ignite HBB; the latter process prevents the achievement of the C-star stage, via destruction of the surface carbon. The chemical composition of carbon stars will be enriched in nitrogen, as a consequence of the FDU. An increase in the surface oxygen, significantly smaller in comparison to carbon, is also expected, particularly in low-metallicity stars.
Hot bottom burning and helium enrichment in massive AGB stars
Stars with with initial mass above a given threshold experience HBB during the AGB phase. The minimum mass required for the ignition of HBB depends on the metallicity. The ignition of HBB strongly affects the AGB evolution, because the proton-capture nucleosynthesis activated at the base of the convective envelope significantly changes the surface chemical abundances of these stars. Among all, it provokes the destruction of the surface carbon and the production of great quantities of nitrogen. While this is a common property of all M ≥ 3.5 M⊙ models, the destruction of the surface oxygen, which requires higher HBB temperatures (∼ 80 MK), is sensitive to the metallicity, and is higher the lower is Z . The destruction of oxygen is extremely sensitive to the modelling of convection: in the present analysis, based on the FST description, we find significant depletion of oxygen in metal poor AGB stars; conversely, when a less efficient convective model is used, the HBB experienced is weaker, thus limiting the efficiency of oxygen burning (Ventura & D'Antona 2005; Di Criscienzo et al. 2016) . In this context, the detection of oxygen-poor PNe, enriched in nitrogen, would be an Table 1 . Main properties of the AGB models of different metallicity (reported in col. 1) used in the present analysis. Col. 2-6 report the initial abundances of various elements, with the usual scale (X/H)= 12 + log[n(X)/n(H)]. Col. 7-9 report, respectively, the range of masses used, the minimum mass undergoing HBB and the minimum mass reaching the C-star stage (all these quantities are given in solar units). important evidence in favour of a very efficient convective transport of energy in the internal regions of the envelope of AGB stars. The stars experiencing HBB are also exposed to the second dregde-up (SDU), after the consumption of the helium in the core. The main effect of the SDU is the increase in the surface helium (∆Y ), which is sensitive to the initial mass of the star: typically, ∆Y is negligible in stars with mass close to the minimum threshold required to start HBB, and increases with the initial mass, up to ∆Y ∼ 0.1 for M = 8 M⊙. This result is much more robust than the predictions concerning the depletion of oxygen, because the SDU takes place before the TP phase, thus the results are unaffected by most of the uncertainties affecting AGB modelling.
Surface chemistry at the end of AGB evolution
The final chemical composition of the models used here, which will be used to interpret the PN abundances, are shown in Fig. 1 , in the CN (left) and ON (right) planes. The distribution of the mass fractions of the individual species at the end of the AGB evolution models in these planes allows us to understand the role played by mass and metallicity on the evolution of the chemistry of the surface layers in AGB stars. For all the metallicities investigated, the lines connecting models of different mass define a typical counterclockwise shape, moving from the lowest (1 M⊙) to the highest 8 M⊙ mass stars considered. As shown in the left panel of Fig. 1 , the range of carbon abundances spanned by the models extends over two order of magnitudes, independently of the metallicity. Conversely (see right panel of Fig. 1 ), the distribution of the oxygen abundances is much more sensitive to metallicity: Z = 0.04 models exhibit a negligible variation in oxygen, whereas in the Z = 2 × 10 −3 case we find an overall variation of a factor ∼ 30. This behaviour is due to the larger sensitivity of C to HBB and TDU, compared to O. TDU favours a significant increase in the surface C, whereas the effects on O are much smaller. The activation of HBB provokes the destruction of the surface C, independently of Z, whereas the destruction of the surface oxygen via HBB is limited to the stars with the lowest metallicity.
The lowest masses considered never become carbon stars, because they loose the external mantle before the surface carbon exceeds the oxygen content. Compared to the initial chemical composition, with which they formed, their chemistry is enriched in nitrogen, as a consequence of the FDU. For carbon the situation is more tricky. If no TDU occurred, the final carbon is smaller than the initial quantity, because during the FDU the surface convection reached regions where carbon was consumed by CN nucleosynthesis; however, if some TDU events take place, the situation is reversed, and the final carbon is above the starting abundance. We remark here that for these stars, owing to the null effects of HBB and the small effects of TDU, the final chemical composition is extremely dependent on the assumptions regarding the chemical mixture of the gas from which the stars formed.
As more massive objects, up to ∼ 3 M⊙, are considered, the theoretical sequences move to the right on the CN plane, owing to the increase in the surface carbon, as a consequence of repeated TDU events. On the contrary, nitrogen keeps approximately constant in this range of mass. The final carbon, could be potentially used as a mass indicator for M < 3 M⊙ stars, because stars of higher mass reach higher carbon abundances in the final AGB phases.
A word of caution on the predictions regarding the evolution of the surface nitrogen of M ≤ 3 M⊙ stars is needed here. In the present models, when modelling the red giant branch (RGB) phase, neither thermohaline nor any sort of extra-mixing was considered; this is going to underestimate the N increase, which occurs during the ascending of the RGB (Charbonnel & Lagarde 2010) . Therefore, the N abundances of the models of initial mass below ∼ 3 M⊙ are to be considered as lower limits, with an overall uncertainty of ∼ 0.2 dex.
Regarding the possibility of using the abundances of some chemical elements to infer the metallicity of the progenitors of the PNe, it is evident from the models locii of Fig. 1 (left panel), that carbon should not be used to infer metallicity of the PN progenitors, since the abundance of this element is determined by the number of TDU events experienced by the star, which is scarcely related to metallicity. PN oxygen abundances, on the other hand, can be used as probes of the progenitor's metallicity, at least in the higher metallicity domain. In fact, in the right panel of Fig. 1 , we observe a tight correlation between metallicity and oxygen abundances, for Z > 4 × 10 −3 . For lower metallicities, we should also consider: a) for massive progenitors, HBB in low-Z AGB stars favours a significant decrease in the surface O, which breaks out any O-Z relationship; b) in The nitrogen abundance is also correlated to metallicity in the low-mass domain; however, the afore mentioned uncertainties affecting the extent of the nitrogen increase during the RGB phase prevents the use of the measured N as a robust metallicity indicator.
Stars with mass above the minimum threshold required to activate HBB, M > 3 − 3.5 M⊙, show the imprinting of CN or, in some cases, CNO nucleosynthesis, in their surface chemical composition. A robust prediction in this case is the significant increase in the nitrogen content, which at the end of the AGB phase is a factor of ∼ 10 higher than the N initially present in the star. The final carbon of these stars is more uncertain, as it is sensitive to the relative importance of HBB and TDU. In an HBB-dominated environment the final C will be almost a factor ∼ 10 smaller than the initial value; however, a few TDU events, in the very final AGB phases, after HBB was turned off, might partly counterbalance the effects of the proton-capture nucleosynthesis; this argument is still debated. According to the models used here, shown in the left panel of Fig. 1 , we find that stars of initial mass ∼ 4 − 5 M⊙ evolve to final phases characterised by a great increase in N and a carbon content similar to the matter from which they formed; this is because in these stars a few final TDU episodes make the surface carbon, previously destroyed by HBB, to rise again; conversely, 6 − 8 M⊙ stars reach the final evolutionary stages with a surface carbon reduced by almost an order of magnitude in comparison with the initial chemistry. The effect of metallicity in this region of the CN plane is that higher Z stars evolve to higher N: this is because the equilibrium abundance of N in a region where CNO nucleosynthesis is active is proportional to the overall C+N+O content.
Concerning oxygen, the results are metallicitydependent: as shown in the right panel of Fig. 1 , the extent of the depletion of oxygen in massive AGB stars is negligible in solar chemistry models, whereas it amounts to almost a factor 10 in the Z = 2 × 10 −3 case.
COMPARISON OF THE OBSERVED PN ABUNDANCES WITH THE AGB FINAL YIELDS
Our aim is to study a large sample of Galactic PNe, for which the chemical abundances were derived homogeneously, in the framework of AGB evolution.
To trace AGB evolution and especially the HBB and TDU phenomena, the most important abundances are those of carbon, oxygen, and nitrogen. Dust properties of the PNe add another handle to determine carbon enrichment (see Stanghellini et al. 2012 ) even in the cases where carbon abundances are not available. Stanghellini et al. (2007) found clear correlations between gas and dust composition for a sample of PNe in the LMC. PNe with carbon-rich dust (CRD) features were found to have typically carbon-rich gas as well (i.e. C/O > 1), while PNe with oxygen-rich dust (ORD) features had C/O < 1. The same analysis could not be done for Galactic PNe (Stanghellini et al. 2012) for the unavailability of dust and gas chemistry in the same sample of Galactic PNe.
It is worth recalling here that oxygen and nitrogen abundances in Galactic PNe are within easy reach from optical spectra. On the other hand, carbon abundances, and information on the nature of the nebular dust, are observationally harder to determine. Carbon in PNe can be measured via collissionally-excited emission lines (CELs), the majority of which are emitted in the UV regime, with C II] at 2626-28Å, and C III] at 1907-09Å. These two intensities are usually sufficient for a complete carbon determination for low and intermediate excitation PNe. For high excitation PNe, the UV recombination line C IV 1548-50Å is also used.
An additional possibility is to estimate the C/O ratio from optical recombination lines (ORLs), which are much easier to acquire. There are several C/O estimates in the literature from OLRs analysis, both from the assumption that C 2+ /O 2+ ∼ C/O, and from ICF evaluation (see for a discussion Delgado-Inglada & Rodríguez 2014). However, we prefer to avoid carbon estimates from ORLs in this study, to avoid mixing determinations from CELs and RLs.
The dust content of PNe has been studied in recent years with the advent of the Spitzer Space Telescope. IRS/Spitzer spectra have been exploited to determine whether PNe have carbon or oxygen rich dust, or a mixture of both (see Stanghellini et al. 2012; García-Hernández & Górny 2014) . The PNe whose dust content has been classified into carbon-rich and oxygen-rich classes to date do not overlap with those with a CELs carbon determination. For this reason, we decided to select two PN samples for the AGB model comparison: the first (Sample 1) is driven by the availability of carbon abundances determined from CELs in the literature; the second (Sample 2) is driven by being classified based on their dust contents based on IRS/Spitzer data.
Sample 1 PNe
Sample 1 PNe are Galactic PNe whose carbon, oxygen, and nitrogen abundances are available in the literature to date, with carbon abundances determined from UV emission lines. Before the HST had became available, UV spectra of Galactic PNe have been acquired with the IUE satellite. Data have been accumulated in the decades, and two main groups have revisited the IUE spectra and derived carbon abundances of Galactic PNe. Kingsburg and Barlow (1994) , and Henry et al. (2000) published carbon abundances, with one target in common. We also searched the literature for Galactic PNe whose spectra has been acquired with the HST. Henry et al. (2015) and Dufour et al. (2015) examined 7 carbon determinations in Galactic PNe (4 in common with the IUE samples described above). Furthermore, Henry et al. (2008) observed the halo PN DdDm 1 (PN G061.9+41.3), and Bianchi et al. (2001) observed a globular cluster PN (K648 in M15).
In summary, reliable carbon abundances are available for 40 Galactic PNe from UV data, 7 of which are from HST spectra. For all these PNe, the original papers also gave abundances of He, N, O, Ne. We list Sample 1 PNe in Table 2 , where we give their PN G numbers (column 1), their usual names (column 2), their dust and morphological types (columns 3 and 4, see table note for description of the keys), and their C, N, and O abundances in the usual scale of log(X/H)+12 (columns 5 through 7). The asymmetric log uncertainties have been calculated from the uncertainties in the original references, when given. The references for the abundances are given in column 8.
It is worth noting that all abundance references use the same ICF scheme (Kingsburgh & Barlow 1994) , and are thus homogeneous, with the exception of the 7 PNe whose abundances are from Dufour et al. (2015) . We comment on possible use of the model abundances from Henry et al. (2015) , based on Dufour et al.' s (2015) data, in specific cases in the following sections. It is important to note that we have checked all PNe in this sample for possibly being located in the bulge or halo of the Galaxy, according to the definition which is commonly adopted (see Stanghellini & Haywood 2010) . We found none of the Sample 1 PNe to belong to the bulge, while H 4-1 (PN G049.3+88.1), BoBn 1 (PN G108.4-76.1), DdDm 1 (PN G061.9+41.3), and Me 2-1 (PN G342.1+27.5) may belong to the Galactic halo.
The origin of the Sample 1 PNe
We can take full advantage of the availability of gaseous carbon abundances in sample 1 PNe to interpret them by comparison with the AGB yields. Combined with the measurements of nitrogen and oxygen, this allows the knowledge of the overall CNO chemistry, which can be used to infer the progenitors of the individual sources in the sample. We therefore followed an approach similar to paper I and paper II Fig. 1 shows the Sample 1 PN chemical abundances in the CN (left panel) and ON (right panel) planes. Superimposed to the data we show the final yields of AGB models of various mass and metallicity, discussed in the previous section. The symbols used to indicate the PNe reflect our understanding of the mass and chemical composition of the progenitors. We reiterate here that for those cases when the N and O abundances observed provided different directions for interpretation, we relied on the O determinations, because of the on-the-average smaller errors associated to the measurements of oxygen compared to nitrogen, and for the uncertainty affecting the predictions of the variation of the Dust type is either featureless (F, 0); carbon rich dust (CRD) aromatic (1); CRD aliphatic (2); CRD both aromatic and aliphatic (3); oxygen rich dust (ORD) crystalline (4); ORD amorphous (5); ORD both crystalline and amorphous (6); mixed chemistry dust (MCD, 7). Morphology is Round (1); Elliptical (2) Bipolar Core (3); Bipolar (4); Point-symmetric (5). Elemental abundance references are from a series of papers summarized in Henry et al. (2000, 1) ; from Kingsburg & Barlow (1994, 2) ; from Dufour et al. (2015, 3) .
surface nitrogen in low-mass AGB stars, owing to the still debated effects of extra-mixing during the RGB ascending.
Approximately 65% of Sample 1 PNe descend from solar metallicity stars, whereas ∼ 35% have a slightly sub-solar chemistry, with metallicity Z ∼ 4 − 8 × 10 −3 .
About half of Sample 1 PNe descend from carbon stars. Their surface chemical composition was modified mainly by TDU, with no effects of HBB. These sources are indicated in Fig. 1 with open pentagons (solar metallicity) and circles (sub-solar chemistry). The progenitors of this group of PNe, characterised by masses in the range 1.5 M⊙ < M < 3 M⊙, formed between 2 Gyr and 500 Myr ago. According to our interpretation, the PNe belonging to this group with the largest carbon abundance are younger and descend from higher mass progenitors. In this subsample we find NGC 3242 (PN G261.0+32.0), NGC 6826 (PN G083.5+12.7), and IC 418 (PN G215.2-24.2), whose IR spectra, analysed by Delgado-Inglada et al. (2015) , exhibit traces of carbon dust, consistently with the interpretation given in García-Hernández et al. (2016a) and confirmed in the present study.
30% of the PNe in this sample descend from low-mass progenitors, with mass in the ∼ 1−1.5 M⊙ range, that never reached the C-star stage. These stars, indicated with open squares (solar chemistry) and diamonds (sub-solar metallicity) in Fig. 1 , are the oldest PNe, formed between 10 Gyr and 2 Gyr ago. This group of PNe includes NGC 6210 (PN G043.1+37.7), also present in the sample studied by Delgado-Inglada et al. (2015) , and interpreted by García-Hernández et al. (2016b) as the progeny of a lowmass progenitor.
This sample also include a group of objects that experienced HBB. These PNe are indicated as asterisks and open triangles in Fig. 1 , according to whether their metallicity is, respectively, solar, or sub-solar. We used once more the combination of the O and N abundances to deduce the metallicity. These PNe descend from stars of mass above 3.5 M⊙, formed in more recent epochs, younger than 250 Myr. Their surface chemistry, largely contaminated by HBB, exhibits extremely large N abundances; the carbon of these PNe, in all cases above 8, suggests the additional effects of TDU and seems to rule out 7 − 8 M⊙ progenitors. The helium abundances of these sources, in all but one case log(He/H) + 12 > 11.05, further supports this interpretation. In this group we include Hu2-1 (PN G051.4+09.6), surrounded by carbon dust, suggesting the combined effects of HBB and TDU.
Similarities and differences of Sample 1 Galactic
PNe with the PNe in the Magellanic Clouds
The PNe of Sample 1 are the only Galactic PNe with measured carbon from CELs. There are two other notabe samples of PNe with measured carbon abundances from CELs, namely, those in the SMC and the LMC, discussed, respectively, in paper I and paper II. We can now compare results from the three different galaxies, based on carbon abundances. According to the results found in this paper, we confirm one of the main findings of papers I, and II: the present models of carbon stars nicely reproduce the largest abundances of gaseous carbon observed. The observations indicate log(C/H) + 12 < 9.2 across the galaxies studied, in agreement with the models. This confirms the existence of an upper limit to the amount of carbon which can be accumulated in the external regions of AGB stars. This limit is likely due to the formation of large quantities of carbon dust in the winds of carbon stars, which favours a fast loss of the external mantle, owing to the effects of radiation pressure, acting on dust grains.
In Sample 1 PNe we did not find pure HBB contamination, at odds with what found for the Magellanic Cloud PNe in papers I and II: while a few N-rich PNe in the LMC (see left panel of Fig 4 of paper I ) and the SMC (see left panel of Fig 2 of paper II) disclosed extremely low carbon abundances (log(C/H) + 12 < 8), here we find log(C/H) + 12 > 8.4 for all N-rich PNe. The small number of N-rich PNe in all studied galaxies does not allow any robust statistics. However, part of the explanation of this result could reside in the averagely higher metallicities of Sample 1 PNe compared with those of paper I and paper II, because the HBB experienced by massive AGB stars is stronger the lower is Z.
A few outliers
In the analysis of the PNe in the present sample, as stated previously, we attempted to deduce the main properties of the progenitors based on the combination of the CNO abundances observed. While the agreement between the observations and the theoretical expectations was generally extremely satisfactory, in a few cases we could not fit simultaneously the abundances of all the elements. We analyse these PNe individually, in the following.
IC 4593 (PN G025.3+40.8).
The abundances of N, O and Ne suggest a low-mass (∼ 1 M⊙) progenitor, with solar metallicity. As evident in the left panel of Fig. 1 , the only problem with this interpretation is the carbon content, with is ∼ 0.5 lower than expected. A possible explanation could be that the chemistry of IC 4593 reflects the sole effects of mixing during the RGB ascending, and that some additional carbon depletion occurred, owing to unusually large extramixing during the RGB phase. It is worth adding that both carbon and nitrogen error bars are very large for this PN and the inconsistency with the models could be ascribed to the low-quality data available.
DdDm 1 (PN G061.9+41.3).
The O and N abundances indicate a low-mass, metal-poor chemistry, with Z = 2 × 10 −3 . The presence of traces of silicate dust in the spectra is compatible with this hypothesis. While the carbon abundance is substantially compatible with this interpretation, the measured N is a factor ∼ 4 higher than expected (see the left panel of Fig. 1 ). Possible explanations are an overestimation of the surface N and/or a difference in the original N content in comparison to the typical pop II chemistry, although the large errorbar for nitrogen may indicate a poor S/N spectrum. It is worth recalling that this is a halo PNe (Henry et al. 2008) , thus the initial chemical mixture ratios used for the AGB models may not be the ideal choice to model it.
NGC 7662 (PN G106.5-17.6). The N, O and Ne abundances indicate a low-mass progenitor, of sub-solar metallicity, Z = 8 × 10 −3 . As shown in the left panel of Fig. 1 , the surface carbon (7.37) is too small for this interpretation (but note the huge errorbar). Note that the carbon abundance whose derivation is based on photoionisation models C/H = 8.13 (Henry et al. 2015) is in much better agreement with our interpretation. NGC 7662 is a inhomogeneous PN, with a lot of stratification (see Dufour et al. 2015) . This may help to explain the disagreement between the carbon and other abundance indicators.
IC 418 (PN G215.2-24.2). The O and Ne abundances point in favour of a ∼ 2 M⊙ low metallicity progenitor, Z ∼ 4 × 10 −3 . This interpretation would also be in agreement with the presence of carbon dust in the surroundings of this object. If this is the case, we deduce from the right panel of Fig. 1 that the N content is overestimated by a factor of ∼ 2. The carbon content is also an issue in this case, as according to the models a higher amount of carbon is expected (see left panel of Fig. 1 ). IC 418 was discussed in García-Hernández et al. (2016a) : the interpretation was different in terms of metallicity, as the oxygen content derived by Delgado-Inglada et al. (2015) is significantly lower compared to the values upon which the present analysis is based. 
Sample 2 PNe
Sample 2 PNe are those Galactic PNe whose dust spectrum has been observed by IRS/Spitzer, and whose dust properties have been uniformly analyzed in the recent past by Stanghellini et al. (2012) , Perea-Calderón et al. (2009) and Gutenkunst et al. (2008) . Elemental abundances for these PNe are available from García-Hernández & Górny (2014) (hereinafter GG14), who targeted explicitly these dust-analyzed PNe and recalculated the principal elemental abundances from published and newly observed optical emission lines. As in turned out, unfortunately none of the Sample 2 PNe have carbon abundance measured from the CELs UV lines, thus, while interesting, they lack one of the major observing constraints for this type of work. There is still purpose of using this large sample to confront with the AGB yields.
In Table 3 we give the Sample 2 PN names, dust and morphological properties (note that the dust content codes and the morphological type codes are the same as in Table  2 ), and the elemental abundances (nitrogen, oxygen, and argon, see Fig. 2 ) with their uncertainties. It is worth noting that the Sample 2 PNe, consisting of 101 targets, is more restricted than the whole sample discussed by GG14. In fact, we have eliminated from the GG14 sample those PNe whose ionization correction factor were deemed by the authors to be uncertain (S. K. Górny, private communication), i.e., those with O 2+ /O < 0.4. In the Tables we mark with 1 and 2 the PNe that are likely to belong to the Galactic bulge or halo respectively, based on the prescription in Stanghellini & Haywood (2010) .
We base our comparison between abundances and yields on the O-N plane. The N and O abundances observed are shown in the left panel of Fig. 2 , overimposed to the results from AGB modelling. The observations have been indicated with different symbols, according to the dust properties. The yellow-shaded region indicates the zone of the O-N plane where we expect to find the progeny of carbon stars; in the interpretation of the PNe located close to the lower and upper borders of this region, we will consider the uncertainties related to the final nitrogen of low-mass stars, discussed in section 3.3. The right panel of Fig. 2 shows the observed oxygen and argon abundances. The PNe shown in green in both panels are those with helium abundances 12 + log(He/H) > 11.1, which we will take as the typical threshold above which we see the signature of the second dredge-up, operating in stars of initial mass above ∼ 4 M⊙.
To derive the mass, age, and metallicity of the progenitors of the Sample 2 PNe we rely on their position on the O-N plane to understand the relative importance of HBB and TDU in modifying the surface chemical composition, which provides an indication on the initial mass (see discussion in section 3.3). The metallicity of the progenitors is deduced on the basis of the position on the O-Ar plane, shown in the right panel of Fig. 2 . Among the various species unaffected by AGB evolution, we prefer to use Argon as metallicity indicator, because: a) the chlorine abundance is available only for part of the PNe in the sample; b) the sulphur detected might not reflect the original content, because part of this element is absorbed in dust particles, particularly in carbonrich environments (Pottasch & Bernard-Salas 2006).
Mass and metallicity distribution
The comparison between the Sample 2 PN abundances and the models indicate that approximately half of the PNe in this sample have solar/supersolar metallicity, the remaining ∼ 50% exhibit a sub-solar chemistry, with Z⊙/3 < Z < Z⊙/2. We find also a few metal-poor objects, namely M 2-39 (PN G008.1-04.7), Pe 2-7 (PN G285.4+02.2), M 4-6 (PN G358.6+01.8): based on the N, O and Ar abundances, we interpret these PNe as the progeny of low-mass stars, with mass below ∼ 1.5 M⊙ and metallicity Z = 1−2×10 −3 . The relative distribution of PNe of different metallicity exhibits a slight change according to the position in the Galaxy: in the bulge, the "solar" component exceeds by ∼ 50% the "sub-solar"group, whereas in the disk the solar metallicity PNe account for ∼ 45% of the total, the more numerous component being the sub-solar one.
The diagonal line in the left panel of Fig. 2 represents an approximate separation between the stars that experienced some HBB, with the consequent nitrogen enrichment of the surface layers, and those that experienced only dredge-up effects. The PNe above this line are identified as the progeny of stars of mass M ≥ 4 M⊙, which underwent SDU and HBB. The fact that most of the PNe in this zone of the O-N plane are also helium-rich adds more robustness to this interpretation. These PNe are the objects formed more recently in the sample examined, and are younger than ∼ 250 Myr. The fraction of PNe which have been exposed to HBB during the AGB phase is approximately 30%.
The PNe within the shaded region in the O-N plane are generally interpreted as the progeny of stars with mass in the range 1.5 M⊙ < M < 3 M⊙, which reached the carbon star stage during the AGB evolution. This is the dominant component in the sample, including ∼ 50% of the PNe observed. Similarly to the analysis of Sample 1 PNe, we may conclude that Sample 2 PNe have ages in the range 300 Myr -2 Gyr, with no straightforward trend between age and the position on the O-N plane. We reiterate here that the vertical extension of this region is somewhat uncertain, as it is sensitive to the extent of the N enrichment occurring during the RGB, which is still debated, and may be different between stars of the same mass.
The remaining 20% of Sample 2 PNe are located below the shaded region in the left panel of Fig. 2 ; these are the descendants of low-mass stars, which did not reach the Cstar stage during the AGB phase. These are the oldest PNe, formed between 2 Gyr and 10 Gyr ago. The spectra of the majority of the PNe in this sub-sample exhibit the feature of silicate dust, in agreement with our interpretation. We do not expect any carbon enhancement in the surface chemical composition of these objects.
Galactic distribution of Sample 2 PNe
The mass and metallicity distribution of Sample 2 PNe can be used to outline some important points, regarding how PNe of different mass, chemistry and dust type are distributed across the Galaxy.
According to our interpretation, PNe with solar/supersolar metallicity progenitors are composed by ∼ 50% of objects that experienced HBB during their AGB life, an indication of massive and relatively young progenitors. The remaining half of solar metallicity PNe are divided among the progeny of C-stars and of low-mass stars, in approximately equivalent percentages. These relative numbers hold both for the bulge and the disk.
A few outliers
The PNe Mac1-2 (PN G309.5-02.9) and H1-33 (PN G355.7-03.0, in the bulge), represented by the two open squares in the HBB region (i.e., above the straight line) in the left panel of Fig. 2 , are enriched in nitrogen, thus indicating the signature of HBB. Their surface chemical composition suggests a ∼ 4 − 5 M⊙ progenitor, of solar metallicity. The problem with this interpretation is that their spectra exhibit the typical features of carbon dust; this is at odds with our understanding, as the stars that experience HBB during the AGB phase destroy the surface carbon, thus leaving no room for the formation of carbon dust in the circumstellar envelope. The only possibility to reconcile these results with our theoretical description is that the nitrogen of these PNe are overestimated (the errors associated to the N determination are of the order of 0.2 dex), so that in the O-N plane they fall into the carbon star zone, yellow-shaded in Fig. 2 . Alternatively, we are left with three possibilities: a) carbon dust can be formed around PNe, despite the surface oxygen is in excess of carbon; b) in the very final AGB phases, after HBB is turned off by the loss of the external mantle, a sequence of TDU events may favour the formation of a carbon star; (c) the PN is of the MCD type, but the oxygen dust features are too weak to be seen in the spectra. It goes without saying that the knowledge of the carbon content of Mac1-2 and H1-33 would be crucial to answer these questions.
The bulge PNe Th3-4 (PN G354.5+03.3), M3-44 (PN G359.3-01.8), and H1-61(PN G006.5-03.1) exhibit MCD type. In the O-N plane they are represented with the three asterisks at log(O/H) + 12 ∼ 8.1, log(N/H) + 12 ∼ 8. The O and N abundances indicate gas processed by HBB, typical of massive (M ∼ 6 − 8 M⊙) AGB stars; the low oxygen suggests a metallicity Z ∼ 4 × 10 −3 . The surface helium is not significantly enriched, at odds with the expectations regarding massive AGB stars. For what regards H1-61 and Th3-4, the observed helium is close to ∼ 11.1; taking into account the errors (∼ 0.04), these results can be reconciled with the theoretical expectations from SDU computations, thus confirming low-metallicity, massive ∼ 6 − 7 M⊙ progenitors for these two PNe. The interpretation for M3-44 is more tricky, because the observed helium is log(He/H) + 12 = 9.92 with an error of ∼ 0.05; this value is definitively too low to be compatible with SDU effects, thus ruling out a massive progenitor. Given the very small argon abundances, our best interpretation is that M3-44 descends from a metal-poor star (Z ∼ 2 × 10 −3 ), with initial mass ∼ 3 M⊙, which experienced some HBB, triggering the increase in the surface N.
Mac 1-11 (PN G008.6-02.6), H1-46 (PN G358.5-04.2), M2-50 (PN G097.6-02.4), 3) and H1-1 (PN G343.4+11.9, in the halo) exhibit evidences of the presence of silicates in their spectra, despite being in the region of the O-N plane where we expect to find carbon stars. They are represented by open triangles within the shaded region in the left panel of Fig. 2 . Mac 1-11 is in the lower region of the shaded region in the left panel of Fig. 2 .
Given the uncertainties associated with the measurement of nitrogen ∼ 0.1 dex and the poor understanding of the nitrogen enrichment during the RGB ascending of low-mass stars, we suggest that this PNe descends from a low mass ∼ 1 M⊙ progenitor, and is indeed oxygen-rich.
H1-46 is located in the middle of the C-star region in Fig. 2 . Either the N is largely overestimated, or there is no way of explaining this PNe within our modelling.
The N content of M-50 and He2-62 is too large to be compatible with a low-mass progenitor that failed to reach the C-star stage. The discrepancy between the models and the observation in this case amounts to ∼ 05. dex, far in excess of the uncertainties associated to the measurements (very small in these cases) or to the modelling of extramixing during the RGB phase. Our favourite possibility here is that the N is slightly underestimated, thus rendering the chemical composition of M-50 and He2-62 compatible with a ∼ 3 M⊙ progenitor, that experienced some HBB, thus inhibiting the formation of a carbon star.
For what concerns H1-1, there is the possibility that it descends from a low-mass (M < 1.5 M⊙) progenitor, which never reached the C-star stage. The reason for its anomalous position, within the C-star region, might be related to a different nitrogen content, possibly enhanced, in the halo region where it formed.
In all these outlier cases, it is almost impossible to proceed without a measure of the atomic carbon content of the PNe. With these measurements on hand, we are confident that the evolutionary paths to the observed chemistry, given initial mass and metallicity, would be more obvious.
DISCUSSION
Dust properties of PNe have been linked to their progenitors in a variety of environments (e.g., Stanghellini et al. 2007 Stanghellini et al. , 2012 .
With Sample 1 we find similar conclusions that were addressed by Stanghellini et al. (2007) for LMC PNe. 4 out of the 6 PNe for which dust identification is available confirm that ORD corresponds to C/O < 1, and CRD to C/O > 1. Statistics is very limited for sample 1 though, and we do find 2 exceptions of CRD PNe with C/O < 1 (NGC 6826 and NGC 3242).
We can not use Sample 2 PNe for this type of analysis, given the lack of carbon abundances for these PNe.
In this work, using Sample 2 PNe, we found a similar fraction of subsolar and solar metallicity PNe with ORD dust chemistry. GG14 analyzed several of the Sample 2 PNe, together with other PNe with known dust properties, and found that solar ORD PNe predominate. It is worth noting that we did not include in Sample 2 PNe with uncertain abundances, while GG14 had, so this selection may explain the different population fraction. CRD PNe are rare in the bulge, as noted by GG14. On the other hand, MCD PNe are frequent in the bulge. These PNe lie in the carbon star progeny locus of the ON diagram (the yellow region of Fig. 2) . Naturally, the conclusion about these progenitors is linked to the reliability of the ON diagnostics to predict that these AGB stars do not experience HBB. It is also worth adding that, as noted by García-Hernández et al. (2016b), we can not disregard other formation channels for MCD PNe, such as extra-mixing, rotation, binary interaction, or pre-He enrichment. These channels will only be constrained when carbon gas abundances will be available for these PNe.
We found that the majority (∼ 80%) of disk PNe with sub-solar metallicity are the progeny of carbon stars. This results, in agreement with the analysis by GG14, could be partly due to the intrinsic difficulty in detecting PNe with very massive progenitors, owing to the short time they evolve at high luminosity. This paucity of HBB PNe with very massive progenitors is seen in both the disc and the bulge.
By comparing the observed chemistry of each object with the model predictions we found that both sub-solar and solar metallicity MCD PNe could be the progeny of massive (M > 5 M⊙) AGB evolution. Once again, gas phase carbon abundances will clarify this point, especially since there are chemical outliers that could have a very different origin (see a relevant discussion in GG14). We also found that the fraction of PNe descending from AGB stars that experienced HBB in the bulge is higher (40%) than in the disc, suggesting a higher percentage of young PN progenitors in the bulge than in the disc. The latter result is based on 12 PNe, thus it must be taken with some caution, and follow up when carbon abundances of these PNe will be available.
CONCLUSIONS
We study the PNe population of the Milky Way, based on the properties of two samples of Galactic PNe, selected according to the availability of their physical parameters in the literature. Sample 1 includes 40 PNe, for which the CNO abundances are available, with carbon measurements are from ultraviolet emission lines. Sample 2 includes 102 PNe whose dust properties and abundances of several elements are available, but atomic carbon has not been measured from CELs so far.
By comparing the PNe chemical composition data samples at hand with the yields from AGB evolution of an array of models, we discussed the possible progenitors of the PNe observed. Particular importance have the abundances of elements related to CNO cycling, which are the most sensitive to the efficiency of the physical processes able to alter the surface chemical composition of stars during the AGB evolution.
The mass fraction of neon and argon are also used in the comparison, mainly to infer the metallicity of the progenitor populations, because these elements are not expected to undergo significant changes during the AGB phase.
Furthermore, the enrichment in the helium abundance helps the interpretation, being a sign of SDU, operating only in massive AGB stars.
According to our interpretation the majority of PN progenitors, about 60%, have a solar chemical composition, the remaining 40% having metallicities in the range Z⊙/3 < Z < Z⊙/2. A few metal-poor objects are also present in the samples. Half of the sources in both samples disclose a carbon-rich chemistry, thus suggesting a C-star origin. These PNe descend from 1.5 − 3 M⊙ progenitors, formed between 500 Myr and 2 Gr ago.
A small fraction (20%) of Sample PNe 1 are nitrogen to the two physical mechanisms potentially able to alter the surface chemical composition of AGB stars, namely TDU and HBB. In this context, the analysis of Sample 1 PNe provides a more robust analysis of the AGB progenitors than that of Sample 2 PNe. The observed carbon abundances are nicely reproduced by the yields of AGB evolution used in the present analysis, in particular for the upper limits of the carbon amounts. This finding supports the outcome of AGB modeling, indicating an upper limit to the quantity of carbon which can be accumulated to the surface regions of the stars, and that can be observed directly in PNe. This is due to the low effective temperature reached during the carbon star stage, which favours the formation of great quantities of carbon dust, leading to a rapid loss of the external envelope, once the surface carbon is largely in excess of oxygen. A few Sample 2 PNe present a HBB contaminated chemistry, yet they are unexpectedly are surrounded by carbon dust. Measuring atomic carbon from UV CELs in these PNe would be extremely important to shed new light on the very final AGB phases of massive AGB stars, particularly on the possibility, still highly debated, that late TDU events could favour the C-star stage, after HBB is extinguished. 
